M eiosis in human oocytes is more prone to chromosome segregation errors than mitosis (1, 2) , meiosis during spermatogenesis (3, 4) , and female meiosis in other organisms (3, 5) . Despite its importance for fertility and human development, meiosis in human eggs has hardly been studied. Human oocytes are only available in small numbers, warranting single-cell assays capable of extracting maximal information. Although highresolution live-cell microscopy is an ideal method, oocyte development in the ovary poses challenges to direct imaging. We therefore established an experimental system (6) for ex vivo high-resolution fluorescence microscopy of human oocytes freshly harvested from women undergoing gonadotropin-stimulated in vitro fertilization cycles. To establish the major stages of meiosis in this system, we simultaneously monitored microtubules and chromosomes for~24 to 48 hours ( Fig. 1 and movie S1 ). Similar to the situation in situ (7) , human oocytes matured into fertilizable eggs over this time course, as judged by the formation of a polar body. The morphologically identifiable stages (Fig. 1A) at characteristic times after nuclear envelope breakdown [(NEBD), set to 0 hours] provided a time-resolved framework for human oocyte meiosis (Fig. 1B) . This reference timeline post-NEBD is used throughout this paper.
Before NEBD, chromosomes were highly condensed and clustered around the nucleolus. Instead of rapidly nucleating microtubules upon NEBD, human oocytes first formed a chromosome aggregate that was largely devoid of microtubules ( Fig. 1A ; movie S1; and fig. S1, A and B). Microtubules were first observed at~5 hours, when they started to form a small aster within the chromosome aggregate. As the microtubule aster grew, the chromosomes became individualized and oriented on the surface of the aster with their kinetochores facing inwards. The microtubule aster then extended into an early bipolar spindle that carried the chromosomes on its surface ( Fig. 1A ; movie S1; and fig. S1, C to E). The chromosomes then entered the spindle but remained distributed throughout the entire spindle volume. Chromosomes first congressed in the spindle center at~13 hours but continued to oscillate around the spindle equator. Stable chromosome alignment was typically only achieved close to anaphase onset (Fig. 1, A and B, and movie S1). Unexpectedly, the spindle volume increased over the entire course of meiosis, up until anaphase onset (Fig. 1, C and D) . The barrelshaped spindle formed in this process consisted of loosely clustered bundles of microtubules and lacked astral microtubules (movie S2 and fig. S2 ). At~17 hours, the oocytes progressed into anaphase and eliminated half of the homologous chromosomes in a polar body. Nearly a day after NEBD, the oocytes had formed a bipolar metaphase II spindle and matured into a fertilizable egg. The stages and timing of meiosis were highly reproducible among oocytes (Fig. 1, A and B) and could also be observed in fixed oocytes ( fig. S1 , A to I). Importantly, 79.0% of imaged human oocytes extruded a polar body. This indicates that the imaging assays, as well as the methods by which the oocytes were obtained and processed, did not have a prominent effect on meiotic progression.
The surprisingly slow and gradual build-up of the spindle over 16 hours (Fig. 1, C and D) is in stark contrast to mitosis, where spindle assembly takes only~30 min (8) , or meiosis in mouse oocytes, where it takes 3 to 5 hours (9-11). During mitosis, two centrosomes ensure the rapid assembly of a spindle. In oocytes of many species, centrosomes are absent but functionally replaced by microtubule organizing centers (MTOCs) that lack centrioles (9, 12) . Human oocytes also lack centrosomes (13) (14) (15) , but whether acentriolar MTOCs participate in spindle assembly is unclear (16) (17) (18) (19) . We consistently detected pericentrinand g-tubulin-positive MTOCs at the spindle poles of mitotic cells and metaphase I and II (MI and MII) mouse oocytes, but never at MI or MII spindles in human oocytes (Fig. 2, A and  B, and fig. S3 ). Thus, our data suggest that meiotic spindles in human oocytes lack detectable MTOCs.
In Xenopus egg extracts, chromosomes can serve as sites of microtubule nucleation if centrosomes are absent (20) . The human oocytes we imaged also initiated microtubule nucleation in the region of the chromosome aggregate (78 of 78 live human oocytes). High-resolution imaging of fixed human oocytes confirmed that microtubules were first nucleated on chromosomes, emanating primarily from kinetochores (Fig. 2C, movie S3, and  fig. S4 ). MTOC-nucleated cytoplasmic asters, such as those seen in chromosomal proximity upon NEBD in mouse oocytes (9), could not be detected. Thus, chromosomes, not MTOCs, serve as major sites of microtubule nucleation in human oocytes.
SCIENCE sciencemag.org Chromatin-mediated spindle assembly is driven by the small guanosine triphosphatase Ran. Guanosine triphosphate (GTP)-bound Ran is replenished around chromosomes by its chromatinbound GTP exchange factor RCC1 and locally releases spindle assembly factors from inhibitory binding to importins (21) (22) (23) . To test whether Ran-GTP is required for spindle assembly in human oocytes, we blocked its function with the guanosine diphosphate-locked mutant Ran T24N, which acts as a dominant-negative variant of Ran (24, 25) . Ran T24N severely delayed the onset of microtubule nucleation and impaired spindle assembly (Fig. 2, D to F, and movie S4). In mouse and Drosophila oocytes, spindles have defects but still assemble if Ran is inhibited (9, 26, 27) . Thus, our data suggest that spindle assembly in human oocytes is independent of MTOCs but mediated by chromosomes and dependent on Ran-GTP.
The period between chromosome-mediated microtubule nucleation (~5 hours) and establishment of a bipolar spindle with aligned chromosomes (~16 hours) displayed considerable spindle instability. Although the microtubule aster transformed into a bipolar spindle at~7 hours, this spindle often failed to maintain bipolarity ( Fig. 3A and movie S5). In 44% of oocytes, the spindles rounded up and became apolar, which we classified as moderate spindle instability. In 38% of oocytes, the spindles even progressed through a prolonged multipolar stage, which we classified as severe spindle instability (Fig. 3, A and B). Multipolar and apolar spindles were also observed in fixed oocytes that had not been imaged ( fig. S6 ). Although spindle instability lasted for an average of 7.5 T 3.1 hours (Fig. 3C) , the vast majority of oocytes progressed into anaphase with bipolar spindles and extruded a polar body ( fig. S5 ). The apparent instability of the spindle in human oocytes is in stark contrast to mitotic spindles and meiotic spindles in other species such as mouse oocytes, which rarely become unstable upon establishment of a bipolar spindle (Fig. 3D) .
Next, we investigated whether spindle instability correlates with chromosome segregation errors.
Normal chromosome segregation is characterized by simultaneous separation of all homologous chromosomes. Chromosomes that lag behind during anaphase increase the possibility of aneuploidy due to inappropriate partitioning of chromosomes upon cytokinesis. We thus scored our imaging data set for the presence and degree of lagging chromosomes and spindle instability. Oocytes with prominent chromosome bridges or chromosomes that remained in the center of the spindle during anaphase were classified as having persistent lagging chromosomes. Oocytes with a few chromosomes that segregated more slowly than the rest of the chromosomes but did not remain in the center of the spindle were classified as having transiently lagging chromosomes (Fig. 3E) . Notably, 72% of oocytes with severe spindle instability went on to have persistent lagging chromosomes during anaphase (Fig. 3F) . In contrast, oocytes with a stable spindle were never observed to have persistent lagging chromosomes. Oocytes with unstable spindles were also significantly more likely to have chromosome alignment defects ( fig. S7 ). The chromosome segregation defects could be due to progression into anaphase with abnormal kinetochore-microtubule attachments. To test this hypothesis, we fixed oocytes using a cold treatment assay that preferentially preserves kinetochore-associated microtubules. During early spindle assembly, the kinetochores were already associated with microtubules, but a prominent spindle axis was absent. The kinetochore fibers were instead randomly oriented relative to each other and only partially focused into several small poles distributed throughout the chromosomemicrotubule assembly. Oocytes fixed close to anaphase onset had formed a bipolar spindle, in which most bivalent chromosomes were bioriented ( Fig. 4A and movie S6 ). But unexpectedly, onlỹ 80% of kinetochores were correctly attached to microtubules, being linked to a single spindle pole (amphitelic attachment). In contrast, 20% of kinetochores remained attached to both spindle poles (merotelic attachment) (Fig. 4, B and C, and fig.  S8 ). These data suggest that human oocytes are less efficient in correcting kinetochore-microtubule attachments than mitotic cells (28) and mouse oocytes (29) . Our observation that persistent lagging chromosomes are most likely to occur in oocytes with severe spindle instability suggests that these oocytes are particularly likely to progress into anaphase with abnormal kinetochoremicrotubule attachments.
This study allows us to draw several conclusions with implications for the causes of egg aneuploidy. The single most notable feature of human oocyte meiosis is an unusually dynamic and slowly assembling meiotic spindle. This feature could be the consequence of absent centrosomes or other MTOCs, either of which could more rapidly generate a bipolar spindle. Instead, chromosomes and Ran-GTP are employed for spindle assembly. The spindles assembled by this mechanism display a high proportion of abnormal kinetochore-microtubule attachments. The spindles are also intrinsically unstable, and the degree of spindle instability correlates with the degree of chromosome segregation errors. Spindle instability could hinder the establishment of accurate kinetochore-microtubule attachments and thereby promote chromosome segregation errors. Alternatively, spindle instability may reflect attempts of the chromosomes to establish stable bipolar microtubule attachments, which could be more challenging in human oocytes, possibly due to structural features of their chromosomes. Progression into anaphase with these SCIENCE sciencemag.org Fig. 1B . The number of oocytes is specified in italics. ***P < 10 −14 (t test).
Two oocytes injected with Ran T24N never nucleated microtubules. (F) The spindle volume was quantified in live human oocytes expressing EGFP-MAP4 upon microinjection with either Ran T24N or BSA. The number of oocytes is specified in italics.
sciencemag.org SCIENCE RESEARCH | REPORTS Live human oocytes expressing H2B-mRFP1 (chromosomes) and EGFP-MAP4 (microtubules), as shown in (E), were scored for the presence of transiently lagging or persistent lagging chromosomes. The number of oocytes is specified in italics. *P < 0.05; ***P < 10 −6 (Fisher's exact test). abnormal attachments would put the oocyte at risk of chromosome segregation errors ( fig. S9 ), providing at least one mechanism for the relatively frequent aneuploidy of eggs, even in young women (3, 30) . Our findings may also explain why human oocytes are more prone to aneuploidy than oocytes from mice or other organisms, where the presence of MTOCs may render spindle assembly and chromosome segregation more efficient.
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Cryo-electron microscopy (cryo-EM) is rapidly emerging as a powerful tool for protein structure determination at high resolution. Here we report the structure of a complex between Escherichia coli b-galactosidase and the cell-permeant inhibitor phenylethyl b-D-thiogalactopyranoside (PETG), determined by cryo-EM at an average resolution of 2.2 angstroms (Å). Besides the PETG ligand, we identified densities in the map for~800 water molecules and for magnesium and sodium ions. Although it is likely that continued advances in detector technology may further enhance resolution, our findings demonstrate that preparation of specimens of adequate quality and intrinsic protein flexibility, rather than imaging or image-processing technologies, now represent the major bottlenecks to routinely achieving resolutions close to 2 Å using single-particle cryo-EM.
I
cosahedral viruses were the first biological assemblies whose structures were determined at near-atomic resolution using cryo-electron microscopy (cryo-EM) combined with methods for image averaging (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Over the past 2 years, structures for a variety of nonviral assemblies have been reported using cryo-EM at resolutions between~2.8 and~4.5 Å (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Four of these instances have been of complexes with sizes below 1 MD: the 700-kD proteasome at 3.3 Å (16) and 2.8 Å resolution (17) , the 465-kD Escherichia coli b-galactosidase (b-Gal) at 3.2 Å resolution (18), the 440-kD anthrax protective antigen pore at 2.9 Å (19), and the 300-kD TrpV1 ion channel at 3.4 Å resolution (20) . Because these structures are of complexes that are dispersed in the aqueous phase, the peripheral regions of the proteins are less ordered and are at lower resolution than the more central regions; nevertheless, most side-chain densities are clearly delineated in the well-ordered regions of the maps. In crystallographically determined structures of proteins at resolutions of 2.3 Å or better, features such as protein-ligand hydrogen bonding, salt bridges, and location of key structured water molecules can be ascertained with a high degree of confidence (21) . There is great potential for the use of cryo-EM methods in applications such as drug discovery and development if similar resolutions could be achieved without crystallization. Whether there are fundamental limitations with currently available methods for specimen preparation, microscope hardware, inelastic scattering from the ice layer, inaccuracies in microscope alignment, detector technology, data collection procedures, or image processing software to achieve resolutions approaching 2 Å is a question that remains unanswered in the current context of rapid advances in the cryo-EM field (22) . This is especially relevant for smaller protein complexes (<1 MD) with low symmetry, where the errors in alignment of the projection images make the analysis more challenging than for larger or more symmetric complexes such as ribosomes and ordered viruses (23) .
We recently reported the structure of E. coli b-Gal at 3.2 Å resolution (18) . Comparing the cryo-EM-derived structure with that derived from x-ray crystallography, we identified regions such as the periphery of the protein and crystal contact zones where there were measurable deviations between crystal and solution structures. To test whether we could further improve map resolution, we explored a range of experimental conditions including variations in specimen preparation, imaging, and steps in data processing (see supplementary materials and methods). We analyzed the structure of b-Gal bound to phenylethyl b-Dthiogalactopyranoside (PETG), a potent inhibitor that blocks enzyme activity by replacing the oxygen in the O-glycosidic bond with a sulfur atom. Although no crystal structure is available for the complex formed between E. coli b-Gal and PETG, a crystal structure is available for PETG bound to Trichoderma reesei b-Gal (24). There is, however, very little sequence similarity (sequence identity of 12.8% determined by Clustal 12.1) between the two variants, with the T. reesei variant displaying a completely different fold and crystallizing as a monomer instead of a tetramer ( fig. S1 ).
Cryo-EM images recorded from plunge-frozen specimens of the b-Gal-PETG complex and the corresponding radially averaged power spectra were analyzed to select images displaying signal at high resolution ( fig. S2, A to C) . For each recorded image, we also assessed the extent of movement during the course of the~8-s exposure
